Introduction
Gap junction communication (GJC) facilitates the diffusion of ions and small molecules (less than 1000 Da) between two apposed cells, thereby enabling electrical coupling, metabolic cooperation, and spatial buffering of ions (Bruzzone et al., 1996) . The molecular basis of GJC is the gap junction plaque, an aggregation of tens to thousands of individual channels. Two hemichannels (or connexons) on apposing cell membranes form the channel. Hemichannels are composed of six connexins -a family of highly conserved integral membrane proteins that are usually named according to their predicted molecular mass (Willecke et al., 2002) . Individual hemichannels can be composed of one (homomeric) or more than one (heteromeric) type of connexin. Similarly, channels can be composed of hemichannels containing the same (homotypic) or different (heterotypic) connexins (Kumar and Gilula, 1996) .
Anatomical and functional studies of the rodent CNS have demonstrated that astrocytes and oligodendrocytes are coupled by gap junctions (Massa and Mugnaini, 1982; Ransom and Kettenmann, 1990; Robinson et al., 1993; Rash et al., 1997) , and that each cell type expresses different connexins (Dermietzel et al., 1989; Yamamoto et al., 1990; Scherer et al., 1995; Dermietzel et al., 1997; Ochalski et al., 1997; Nagy et al., 1999; Altevogt et al., 2002; Menichella et al., 2003; Odermatt et al., 2003; Kleopa et al., 2004) . Astrocyte/astrocyte (A/A) coupling is likely mediated by Cx43/ Cx43 and Cx30/Cx30 homotypic channels, and astrocyte/oligodendrocyte (A/O) coupling is most likely mediated by Cx43/Cx47 and Cx30/Cx32 heterotypic channels, with an uncertain contribution of Cx26/Cx32 channels (Rash et al., 2001; Nagy et al., 2003; Altevogt and Paul, 2004; Li et al., 2004) . Cx32/Cx32 homotypic channels appear to form gap junctions between layers of CNS myelin sheaths (Kamasawa et al., 2005) , as previously described in PNS myelin sheaths (Bergoffen et al., 1993; Scherer et al., 1995; Balice-Gordon et al., 1998; Meier et al., 2004) . A/O heterotypic channels appear to be spatially restricted, with Cx43/Cx47 outnumbering Cx30/Cx32 channels at oligodendrocyte somata (Kleopa et al., 2004; Kamasawa et al., 2005) . Oligodendrocytes also express Cx29, which does not appear to form gap junction plaques (Altevogt et al., 2002; Kleopa et al., 2004) . Mutations in GJB1, the gene encoding Cx32, cause the Xlinked form of Charcot-Marie-Tooth disease (CMT1X), an inherited demyelinating neuropathy (Bergoffen et al., 1993; Scherer and Kleopa, 2005) . Clinical manifestations of CNS dysfunction in CMT1X are rare, associated with a few of the more than 300 different GJB1 mutations (Taylor et al., 2003) , indicating that Cx30/ Cx32 A/O coupling is not critical in humans.
Although CNS myelination in Gja12/cx47-null mice is minimally affected (Menichella et al., 2003; Odermatt et al., 2003) , recessive GJA12/Cx47 mutations cause a devastating dysmyelinating disease in humans, called Pelizaeus-Merzbacherlike disease (PMLD; Uhlenberg et al., 2004; Bugiani et al., 2006) . PMD itself is an X-linked dysmyelinating disorder caused by mutations in Proteolipid Protein 1 (PLP1), which encodes the main intrinsic membrane protein of CNS myelin (Garbern et al., 1999) . PMLD patients are clinically similar to those with PMD, with nystagmus, spasticity, and ataxia, as well as widespread changes in CNS white matter by MRI imaging (Hudson et al., 2004 ), but do not have PLP1 mutations. The clinical phenotype and MRI findings in patients with recessive GJA12/Cx47 mutations (Uhlenberg et al., 2004; Bugiani et al., 2006) provide provocative evidence that Cx47-mediated GJC is essential for the proper functioning of oligodendrocytes. We show here that Cx47 is expressed by oligodendrocytes in the primate brain and that recessive missense mutations in GJA12/Cx47 cause loss-of-function. Thus, the Cx47 mutants associated with PMLD likely disrupt the A/O coupling that is mediated by Cx43/Cx47 heterotypic channels.
Results

The sequence of human Cx47
In their report describing the GJA12/Cx47 mutations that cause PMLD, Uhlenberg et al. (2004) used the amino acid sequence derived from a human Cx47 cDNA clone (NM _ 020435) that included part of the 5'untranslated region (UTR). Because this 5′ UTR contains a potential additional start codon (ATG) that is 9 nucleotides upstream of the ATG conventionally considered to be the connexin start codon, Uhlenberg et al. (2004) added 3 amino acids in their description of the mutations. This alternative ATG is conserved in other mammalian Cx47 DNA sequences (human: AF 014643, BC089439; mouse: AJ276435, NM _ 080454, NM _ 175452, AY394498, AY394499, AY394500; rat: AY23321; cow: XM _ 582393) and the most closely related bird sequence (red jungle fowl: XM _ 418503) but not in the most similar sequences from frogs (Xenopus: NM _ 205831) or teleost fish (zebrafish Cx47.1: NM _ 001004574; puffer fish: CAAB01003296).
Neither putative start codon resides in an optimal translation initiation context, or Kozak consensus sequence (GCC RCC ATG G; R is a purine), but the downstream ATG resides in a relatively more favorable site, with a purine (A) in the R location (Kozak, 1989 (Kozak, , 1996 . Whether one or both start codons are translated when they are very close and the downstream codon is more favorable is unknown (Kozak, 1996) . The upstream ATG of Cx47, however, would encode an N-terminus with 24 amino acids, which is inconsistent with all other known connexins. Besides Cx47, the other 19 cloned human connexins are predicted to have a 21-to 23-amino acid N-terminus comparable to the one encoded by the downstream ATG of GJA12/Cx47 (Willecke et al., 2002) . We also examined over 70 different human, dog, cow, mouse, rat, hamster, chicken, frog, and zebrafish connexin sequences, nearly all derived from mRNA and containing at least 9 bases of the 5'UTR, and found only two other examples of one or more in frame potential upstream start codons. These would add 6 or 12 (hCx59, NM _ 030772) or 11 (mCx29, NM _ 080450) amino acids to the Nterminus. Given the highly conserved N-termini of connexins (Willecke et al., 2002) , we conclude that all of these potential upstream alternative ATGs are unlikely to be translation initiation codons, including the one for human Cx47.
Cx47 mutant expression in communication-incompetent HeLa cells
To investigate the underlying molecular defects of the recessive Cx47 mutants we generated the three missense mutations described by Uhlenberg et al. (2004) -P87S, Y269D and M283T -by sitedirected mutagenesis (Fig. 1A) . Each mutation, as well as WT Cx47, was expressed in communication-incompetent HeLa cells. For this analysis, we used an affinity-purified rabbit antiserum raised against Fig. 1 . Expression of GJA12/Cx47 missense mutations associated with PMLD. (A) This is a schematic drawing of human Cx47 that illustrates the position and nature of mutations associated with PMLD; note the four missense mutations P87S, G233S, Y269D, and M283T, as well as P128frame-shift, R237stop, L278frameshift, and P327frameshift (Uhlenberg et al., 2004; Bugiani et al., 2006) . The positions of the transmembrane domains are based on the work of Yeager and Nicholson (1996) . (B) Immunoblot analysis of Cx47. The immunoblot was hybridized with an affinity-purified rabbit antiserum against mouse Cx47. Untransfected HeLa parental cells and cells transfected with vector alone do not express Cx47; the specific band corresponding to 47 kDa was present in lysates collected from bulk-selected cells expressing WT Cx47 as well as the P87S, Y269D, and M283T mutants (arrowhead). The asterisk denotes a background band.
the C-terminus of mouse Cx47 (gift of Dr. David Paul) and two rabbit antisera against the C-terminus of human Cx47. These antisera recognized a ∼ 47 kDa band in immunoblots of lysates collected from either bulk-selected (Fig. 1B) or transiently transfected (Supplemental Fig. 1 ) cells expressing WT or mutant Cx47, but not in parental cells or cells transfected with an "empty" vector.
To examine the trafficking of the Cx47 mutants, we immunolabeled cells expressing WT Cx47 or one of the mutants with the three antisera against Cx47. Bulk-selected cells that expressed P87S or Y269D had dispersed cytoplasmic Cx47-immunoreactivity (Figs. 2B and C) . In contrast, cells expressing WT Cx47 had Cx47-positive puncta at their cell borders, which we considered to be gap junction plaques ( Fig. 2A) . Bulk-selected cells expressing M283T (Fig. 2D ) had both dispersed cytoplasmic staining (like cells expressing P87S or Y269D) and puncta (like cells expressing WT Cx47); these puncta were not seen in transiently transfected cells (data not shown). We confirmed the cell surface localization of WT Cx47 and M283T by double labeling with a monoclonal antibody that recognizes cadherins (Supplemental Fig. 2 ). The results with the antiserum against mouse Cx47 (Fig. 2 ) and the two antisera against human Cx47 (data not shown) were similar. Neither parental HeLa nor bulkselected HeLa cells that had been transfected with an "empty" vector showed staining (data not shown).
Cx47 mutants localize to the endoplasmic reticulum
The dispersed intracellular pattern of Cx47-immunoreactivity looked like that of Cx32 mutants that were previously shown to be localized in the endoplasmic reticulum (ER) (Deschênes et al., 1997; VanSlyke et al., 2000; Kleopa et al., 2002; Yum et al., 2002) . To determine whether Cx47 mutants were localized to the ER, we immunostained both transiently transfected and bulk-selected cells for Cx47 and GRP94, an ER chaperone. As shown in Fig. 2 , GRP94 staining overlaps with that of Cx47. Furthermore, the intracellular Cx47 staining of the mutants does not correspond to that of 58K, a component of the Golgi apparatus (Supplemental Fig. 3) . As a further test of whether Cx47 mutants were localized in the ER, we treated bulk-selected cells for 6 h with brefeldin A (BFA), a compound that disrupts the Golgi apparatus (Klausner et al., 1992) . As expected, BFA treatment dispersed the 58K staining to an ERlike pattern (compare untreated and treated 58K panels in Fig. 3 ). BFA also caused the redistribution of WT Cx47 into an ER-like pattern, with fewer gap junction plaques (Fig. 3) , but did not alter the appearance of P87S, Y269D, and M283T.
Proteasomes and lysosomes degrade WT and mutant connexins (Laing et al., 1997; VanSlyke et al., 2000) . To examine this issue in Cx47 mutants, we treated bulk-selected cells expressing WT or mutant Cx47 for 6 h with lactacystin or chloroquine, which inhibit proteasomes or lysosomes, respectively. Lactacystin did not appear to alter the distribution or the intensity of GRP94 staining or the Cx47 staining of cells stably expressing WT Cx47, P87S, or Y269D; however, it did appear to increase the intracellular signal of M283T expressing cells (Supplemental Fig. 4 ). To confirm that lactacystin inhibited proteasomal degradation, cells were treated with cycloheximide, a blocker of protein synthesis, either alone or with lactacystin for 6 h. Cycloheximide treatment alone eliminated most of the intracellular signal in cells expressing each of the Cx47 Fig. 2 . PMLD-associated Cx47 mutants are retained intracellularly and colocalized with an ER marker. These are deconvolved images of bulk-selected HeLa cells that express WT Cx47 or the indicated mutants, immunostained with a rabbit antiserum against mouse Cx47 (red) and a rat monoclonal against the ER chaperone GRP94 (green), and counterstained with DAPI (blue). Note that WT Cx47 forms gap junction plaques at cell borders, whereas Cx47 mutants are mainly intracellularly localized, except for M283T, which also forms puncta, mainly at cell borders (D). The intracellular Cx47-immunoreactivity of the mutants (B-D) colocalizes with GRP94. Scale bar: 10 μm.
mutants, but low levels of intracellular protein was detected in cells treated with both cycloheximide and lactacystin (Supplemental Fig.  4 ). Chloroquine caused more prominent staining of LAMP-2, a lysosomal protein, and the redistribution of WT Cx47 to the lysosomes (Supplemental Fig. 5 ), but did not alter the pattern of Cx47 mutants, including the puncta of M283T.
Connexins are soluble in Triton X-100 prior to incorporation into gap junction plaques Goodenough, 1991, 1993; Das Fig. 3 . Disrupting the Golgi apparatus does not alter the localization of Cx47 mutants. These are confocal (untreated WT example only) or deconvolved images of bulk-selected HeLa cells that express WT Cx47 or the indicated mutants, immunostained with a rabbit antiserum against mouse Cx47 (red) and a mouse monoclonal antibody against a 58K Golgi protein (green). Incubation in brefeldin A (BFA) for 6 h causes the redistribution of 58K from a polarized, perinuclear aggregation to a dispersed ER-like pattern of staining. BFA treatment does not affect the localization of P87S or Y269D, both of which are localized in the ER. BFA appears to reduce the number of gap junction plaques and increase the amount of intracellular Cx47-immunoreactivity in cells expressing WT Cx47, but has no apparent effect on cells expressing M283T. All images were acquired from the same experiment with the same exposure time for each channel (except for the untreated WT example). Scale bar: 10 μm. Sarma et al., 2001) . To determine whether Cx47 mutants are soluble in Triton X-100, we incubated bulk-selected cells for 30 min in 1% Triton X-100, then immunostained them for Cx47. As shown in Fig.  4 , the gap junction plaques in cells expressing WT Cx47 and puncta in cells expressing M283T appeared to be unaffected, whereas the intracellular Cx47-immunoreactivity disappeared. These data, taken together, show that these Cx47 mutants are largely localized to the ER and, furthermore, behave like ER-retained mutants in response to disruption of the Golgi apparatus, inhibition of proteasomes or lysosomes, and extraction with Triton X-100.
We considered the possibility that ER retention of Cx47 mutants could be toxic to oligodendrocytes by inducing the unfolded protein response (UPR). The UPR consists of multiple signaling pathways that appear to protect the cell from ER-related stress, such as accumulation of misfolded protein, but may ultimately activate cell death programs (Gow, 2004; Zhang and Kaufman, 2006) . CHOP is a downstream transcription factor of the PERK UPR pathway implicated in programmed cell death Ma et al., 2002) . Further, Southwood et al. (2002) have previously shown that ER-retained PLP mutants upregulate CHOP both in transfected cells and in oligodendrocytes of mice that express a dominant Plp mutation. To test whether Cx47 mutants activate the UPR, we electroporated L cells with either WT or mutant Cx47 using a bicistronic vector to express GFP as a surrogate marker of Cx47, and immunostained for CHOP. L cells treated for 6 h with tunicamycin, an N-glycosylation inhibitor that potently stimulates the UPR, served as a positive control for CHOP expression . As summarized in Supplemental Fig. 6 for one experiment, 92% (515/ 560) cells treated tunicamycin had CHOP+ nuclei as compared to 0.66% (4/602) of cells treated with DMSO alone. In contrast, none of the cells transfected with either WT Cx47, one of the mutations, or an "empty" vector, (GFP+ cells), had CHOP+ nuclei; only 0.14% (3/ 2092) of untransfected (GFP−) cells had a CHOP+ nucleus. We performed this experiment twice more with similar results, and conclude that these Cx47 mutants do not induce the UPR, as measured by this assay.
Cx47 mutants do not form functional channels
To determine whether the Cx47 mutants can form functional gap junctions, we scrape loaded cells (el-Fouly et al., 1987; Trosko et al., 2000) . In this assay, a confluent monolayer of cells is injured with a scalpel blade in media that contains 0.1% Lucifer Yellow (LY; MW 443) or 2% neurobiotin (NB; MW 287). No dye transfer was seen past the scrape line in cells expressing the Cx47 mutants (Figs. 5B-D and F-H), in parental cells, or in cells transfected with an "empty" vector (data not shown), whereas cells expressing WT Cx47 showed dye transfer to cells beyond the scrape line (Figs. 5A and E, Supplemental Fig. 7 ). This experiment was done four times with LY, and twice with NB, with similar results. We confirmed that cells that express WT Cx47 transfer NB to many cells layers by scrape loading cells with both NB and 10 kDa rhodamine-dextran, a molecule that is only taken up by injured cells but does not permeate gap junctions (Supplemental Fig. 7) . Thus, Cx47 mutants, including M283T (which forms puncta that may represent gap junction plaques), do not appear to form functional gap junctions.
To determine whether Cx47 mutants can form functional homotypic gap junctions using a more stringent assay, we performed dual whole-cell patch clamping on transiently transfected Neuro2a cells. As shown in Table 1 , no cell pairs (except one, see below) expressing Cx47 mutants were electrically coupled (n = 5 for each mutant), whereas all cell pairs expressing WT Cx47 were coupled, with a non-normalized average conductance (g j ) of 10.29 ± 3.31 nS; the differences between WT and each mutant were statistically significant. We detected a single channel g j of 35 pS in one pair expressing P87S, which is consistent with the rarely observed endogenous channels in untransfected pairs of Neuro2A cells (Abrams, unpublished data) .
Properties of the human Cx47 channel
We also used dual whole-cell patch clamping of Neuro2A pairs to determine the functional properties of homotypic WT Cx47 Fig. 4 . Intracellular Cx47 mutant protein is soluble in 1% Triton X-100. These are deconvolved images of bulk-selected HeLa cells that express WT Cx47 or the indicated mutants. The cells were incubated for 30 min in PBS containing 1% Triton X-100 (TX100), then immunostained with a rabbit antiserum against mouse Cx47 (red). The gap junction plaques formed by WT Cx47 and puncta of M283T are TX100-insoluble (A and D), whereas intracellular Cx47 of P87S (B), Y269D (C), and M283T (D) is TX100-soluble. All images were acquired from the same experiment with the same exposure time. Scale bar: 10 μm.
channels. Fig. 6A shows representative current traces that demonstrate that junctional currents decayed more rapidly as the absolute value of transjunctional voltage (V j ) increased. The relation between the macroscopic normalized steady state junctional conductance (G j ) and V j (the G j − V j relation) was calculated from macroscopic current traces and fit to a Boltzmann distribution (Fig.  6B) . As the absolute value of V j increased, the steady state G j declined symmetrically about V j = 0 and came to a plateau at a G min of 0.13. These macroscopic characteristics are nearly identical to those described for mouse Cx47 homotypic channels expressed in HeLa cells (Teubner et al., 2001) . Octanol (Fig. 6D ) and CO 2 (data not shown) reversibly decreased g j of homotypic WT Cx47 channels. Single-channel g j was determined during recovery from octanol treatment by repeatedly applying voltage ramps to one cell of a pair, and measuring the transjunctional current in the second cell (Fig. 6C) . The g j of the fully open human Cx47 channel was ∼ 53 pS, with a residual conductance of ∼ 8 pS, consistent with the g j of ∼ 55 pS and ∼8 pS residual conductance of mouse Cx47 (Teubner et al., 2001 ).
Primate oligodendrocytes express Cx47
In rodents, Cx47 is expressed by rat oligodendrocytes, but not by astrocytes or neurons (Menichella et al., 2003; Altevogt and Paul, 2004; Kleopa et al., 2004) . To determine whether human oligodendrocytes express Cx47 in the primate brain in a similar pattern, we immunostained cryosections of autopsied human brains, but poor preservation precluded any definitive conclusions. As an alternative, we immunostained cryosections of brainstem and optic nerve from rhesus monkeys. A mouse monoclonal antibody against Cx47 labeled small cell bodies in the optic nerve (Fig. 7C ) and medulla (data not shown); these often formed chains in longitudinal sections like intrafascicular oligodendrocytes (Fig. 7B) . Most of the Cx47-immunoreactivity was diffusely localized in the cell bodies (Figs. 7A, B, D) , with few gap junction plaques (arrowhead, Fig. 7D ). The rabbit antisera against Cx47 gave a similar pattern, but the background staining was higher (data not shown). Nearly all Cx47-positive cells both in the optic nerve (Fig. 7A ) and in the medulla (data not shown) expressed aspartoacylase (ASPA), an enzyme that is localized to oligodendrocytes (Madhavarao et al., 2004) , but not GFAP, a marker of astrocytes (data not shown). A monoclonal antibody against Cx43, in contrast, labeled the cell bodies and processes of astrocytes (Fig. 7E) , and Cx43-positive gap junction plaques often appear to surround small cell bodies (Fig. 7F) , some of which were oligodendrocytes (Fig. 7B) . These results indicate that Cx47 and Cx43 likely form A/O gap junctions on oligodendrocyte cell bodies in the primate brain.
Discussion
PMLD mutations appear to cause simple loss-of-function
The PMLD patients described to date (Uhlenberg et al., 2004; Bugiani et al., 2006) have similar phenotypes -nystagmus noted in early infancy, and impaired motor development noted by 15 months. Different genotypes -homozygous P128frameshift, M283T, G233S, or L278frameshift mutations, compound heterozygotes for P87S/ P327frameshift or Y269D/R237stop mutations -cause the same phenotype, including alleles that would be predicted to disrupt the protein (P128frameshift, R237stop, L278frameshift, and P327frame-shift), as well as ones that may not (P87S, G233S, Y269D, and M283T). Although the similar phenotypes caused by different mutations implies all these mutations cause loss-of-function, the Representative current traces for homotypic human Cx47 channels. At rest, both cells were voltage clamped at 0 mV, then cell 2 was stepped in 20 mV increments from −100 to +100 mV, and junctional currents (I j ) were recorded from cell 1. As the absolute value of applied voltage increased, the rate of I j decay increased, especially at 60, 80, and 100 mV. (B) The G j − V j relation for homotypic Cx47 channels. The average normalized steady state junctional conductance (G j ) in relation to the junctional voltage (V j ) was calculated from the current trace at each voltage. The solid line represents the fit of the data to Boltzmann distributions. Parameters (+V j , − V j ); G min : 0.13, 0.14; G max : 0.98, 0.99; K: 5.8, 5.0; V 0 : 46.7, − 44.5. Note that G j decreases symmetrically as the absolute value of V j increases. (C) The single-channel conductance (non-normalized, g j ) of Cx47. g j was determined during recovery from octanol treatment by repeatedly applying voltage ramps from +100 to − 100 mV to one cell of a pair (bottom record), and measuring the transjunctional current of single channels in cell 2 (upper record). The g j of the fully open channel is ∼ 53 pS, with a predominant residual conductance of ∼ 8 pS. (D) Chemical gating of Cx47 channels. I j was measured during application of repeated voltage ramps of ±30 mV, before, during, and after bath application of octanol (2 mM). Note that the reduction of I j by octanol was more rapid than the recovery. rarity of PMLD, the finding that dominant mutations of other connexin genes cause disease in a cell autonomous manner (White and Paul, 1999) , and examples of monogenic recessive disorders whose phenotype is altered by other genes (Scriver and Waters, 1999; Dipple and McCabe, 2000) , leaves this issue unsettled.
In spite of these reservations, our results indicate that P87S, Y269D, and M283T mutants exhibit simple loss-of-function, and this appears to be sufficient to account for the recessive nature of PMLD. We show that these mutants fail to form functional gap junction channels when expressed in HeLa or Neuro2A cells, by both scrape loading and electrophysiology. All three mutants appear to at least partially accumulate in the ER, possibly contributing to their failure to form functional channels (although M283T may be an exception, as it also appears to form puncta that may be gap junction plaques). The failure of these mutants to upregulate CHOP, furthermore, indicates that they do not have the gain-of-function documented for some PLP mutants that cause the phenotypically similar disease, PMD (Southwood et al., 2002) . However, we have not ruled out the possibility that the Cx47 mutants activate a different UPR-related pathway (Gass et al., 2002) , that oligodendrocytes are more sensitive to ER accumulation of Cx47 mutants than the cells we used in our in vitro assay, or that Cx47 mutants have dominant effects on WT Cx47.
Cx47 mutants affect the panglial syncytium
Work that has been largely done in rodents indicates that there is a "panglial syncytium" between CNS glial cells. There are abundant A/ A gap junctions, fewer A/O gap junctions, and few if any gap junctions between oligodendrocytes themselves or between neurons and glia (see Introduction). Cx43/Cx47 and Cx30/Cx32 likely form two parallel sets of heterotypic channels that constitute A/O coupling. These two pairs of connexins colocalize at A/O gap junction plaques Fig. 7 . Primate oligodendrocytes express Cx47. These are images of sections of rhesus monkey optic nerve, immunostained with mouse monoclonal antibodies against Cx47 (A-D) or Cx43 (E-F), a rabbit antisera against aspartoacylase (ASPA; A) or Cx43 (B), visualized with FITC-or TRITC-(A and B) or peroxidaseconjugated secondary antiserum (C-F), and counterstained with DAPI (A and B, merged panels). Cx47-immunoreactivity is diffusely dispersed within small cell bodies (panels A-B, green; panels C-D), with occasional gap junction plaques (arrowhead; panel D), and colocalizes with ASPA (A), a marker of oligodendrocytes. Cx43-immunoreactivity is found on astrocyte cell bodies and their proximal processes (E) and in gap junction plaques that are distributed throughout the optic nerve, including on small cell bodies that are likely to be oligodendrocytes (arrowheads, panels B and F). Scale bars: 10 μm.
in WT brains, but Cx30 (and not Cx43) is mislocalized in Gjb1/cx32-null brains (Nagy et al., 2003; Altevogt and Paul, 2004) . Cx30 and Cx32 can form functional heterotypic channels in oocytes (Dahl et al., 1996) , but it remains to be shown whether Cx43 and Cx47 can also form functional heterotypic channels. Our finding that primate oligodendrocytes express Cx47, and are surrounded by Cx43-positive gap junctions, adds evidence to the argument that the recessive GJA12/Cx47 mutations that cause PMLD likely disrupt A/O gap junction coupling, probably by disrupting Cx43/Cx47 (but not Cx30/ Cx32) channels.
Genotype-phenotype correlations
The marked discrepancy between the devastating CNS phenotype in people with PMLD (Uhlenberg et al., 2004) and the mild CNS phenotype of mice that are homozygous for a null Gja12/cx47 allele (Menichella et al., 2003; Odermatt et al., 2003) remains to be explained. The differences in the primary amino acid sequence of mouse and human Cx47 (Supplemental Fig. 8 ) may be relevant, but the most divergent regions (the intracellular loop and the C-terminus) also differ the most between all connexins (Willecke et al., 2002) , and the only known functional motif, a C-terminal PDZ-binding domain (Li et al., 2004) , is not affected. We have shown here that the electrophysiological properties of homotypic human Cx47 channels are nearly identical to mouse Cx47 (Teubner et al., 2001) , but it is possible that the human and mouse Cx43/Cx47 heterotypic channels have different properties. Although we showed that Cx47 is localized on oligodendrocyte somata in the white matter of a primate, as previously described in rodents (see Introduction), the contribution of Cx43/Cx47 channels to A/O coupling in these different species remains to be determined. Perhaps Cx30/Cx32 coupling can compensate for the lack of Cx43/Cx47 coupling in mice to a greater degree than in humans, although the absence of Cx32 alone causes insignificant CNS abnormalities in Gjb1/cx32-null mice Sutor et al., 2000) .
Our results for Cx47 mutants raise the possibility that ER retention of mutant connexins predict recessively inherited phenotypes. Many Cx32 mutants appear to be ER-retained (VanSlyke et al., 2000; Kleopa et al., 2002; Yum et al., 2002) ; however, they are uninformative in this regard because CMT1X is an X-linked and not an autosomally inherited disease. The Cx26 (G12V, W77R, 235delC) and Cx31 (L34P, 141delI) mutants that appear to be retained intracellularly, possibly in the ER, are all associated with recessively inherited hearing loss (Martin et al., 1999; Choung et al., 2002; D'Andrea et al., 2002; Bruzzone et al., 2003; He et al., 2005) . Conversely, most connexin mutants that cause dominantly inherited diseases are not localized to the ER, including the Cx43 mutants that cause oculodentodigital dysplasia (ODDD; Scherer, unpublished; Seki et al., 2004; Roscoe et al., 2005; Shibayama et al., 2005; Lai et al., 2006) , a Cx46 and a Cx50 mutant that each cause cataracts (Berthoud et al., 2003; Minogue et al., 2005) , and most of the Cx26, Cx30, and Cx31 mutants that cause hearing loss and/or skin diseases (Martin et al., 1999; Rouan et al., 2001; Common et al., 2002 Common et al., , 2003 Di et al., 2002 Di et al., , 2005 Marziano et al., 2003; Oshima et al., 2003; Thomas et al., 2003 Thomas et al., , 2004 Essenfelder et al., 2004; He et al., 2005; Oguchi et al., 2005; Piazza et al., 2005) . On the other hand, two of the Cx30 mutants (G11R and A88V) that cause skin diseases Essenfelder et al., 2004) , at least two of the Cx26 mutants (D50N and T55 M) , three of the Cx31 mutants (66delD, R180X, and E183K) that cause dominantly inherited hearing loss (Di et al., , 2005 Common et al., 2003; He et al., 2005; Melchionda et al., 2005) , and one Cx43 mutant that causes ODDD and skin disease (fs260; Gong et al., 2006) , appear to be localized to the ER. Because the analysis of the mutants that were putatively localized to the ER was not done in detail (with the exception of the ODDD mutant fs260), we can only tentatively conclude that ER retention is not strictly associated with recessive inheritance.
Experimental methods
Mutant human Cx47 expression constructs
Using primers developed from a human Cx47 DNA sequence (GenBank accession number AF014643), we amplified the putative open reading frame of Cx47 by RT-PCR (SuperScript II, Invitrogen, Carlsbad, CA) from polyA RNA isolated from human brain, corpus callosum, or spinal cord (Clontech, Mountain View, CA), adding EcoRV and BamHI restriction sites at the 5′ and 3′ ends, respectively. The 5′ primer eliminated an unlikely alternative AUG that has been electronically translated in some sequences as the initiation codon (GenBank accession numbers NM _ 020435 and BC0 89439). We cloned the PCR sequence into pIRESpuro3 (Clontech, Mountain View, CA), and the resulting plasmid was used to transform DH5-α bacteria. For each PCR reaction, a large-scale plasmid preparation was made from a single colony (Sigma-Aldrich, St. Louis, MO), and analyzed at the Sequencing Core of the University of Pennsylvania. Because our sequence differed from AF014643 (the only one in the database at that time), we sequenced multiple PCR reactions from brain, corpus callosum, and spinal cord RNA. All of the sequences were identical; this sequence was deposited in GenBank (accession number AY285161), and has subsequently been found by others in human cDNA (NM _ 020435 and BC089439) and matches the genomic sequence (AL359510) as well.
We made the three missense GJA12/Cx47 mutations described by Uhlenberg et al. (2004) by PCR site-directed mutagenesis using the QuikChange kit (Stratagene, La Jolla, CA). To generate the mutants, the following oligonucleotide primers were used (the underlined codon encodes the altered amino acid):
P87S: 5′-ggtcatctccacgtcctcggtcatgtacc-3′; 5′-ggtacatgaccgaggacgtggagatgacc-3′; Y269D: 5′-cctgctggttatggacgtggtcagctgcc-3′; 5′-ggcagctgaccacgtccataaccagcagg-3′; M283T: 5′-caacctctgtgagacggcccacctgggc-3′; 5′-gcccaggtgggccgtctcacagaggttg-3′.
The mutagenic primers were incorporated using PfuTurbo or PfuUltra HF DNA polymerase, and the PCR products were digested by DpnI endonuclease to eliminate the DNA template. The resulting DNA was used to transform DH5-α bacteria, a large-scale plasmid preparation was made from a single colony (Sigma-Aldrich, St. Louis, MO) and analyzed at the Sequencing Core of the University of Pennsylvania.
Generation of rabbit antisera against human Cx47
A portion of the Cx47 intracellular cytoplasmic tail (amino acids 344-399, encoded by nucleotides 1030-1198) was amplified by PCR using wild type (WT) human Cx47 plasmid as the template, primers (5′-cgcggatccgaccagaacctggcaaacct-3′ and 5′-ccggaattcagtgcccgcagaggtagc-3′), and the Pfu Turbo Polymerase Kit (Stratagene, La Jolla, CA). The PCR product was ligated with the T4 Rapid Ligation Kit (Roche, Indianapolis, IN) into the pGEX-2TK vector (Amersham Biosciences, Uppsala, Sweden), which encodes a glutathione S-transferase moiety. The resulting construct was used to transform DH5-α bacteria, a large-scale plasmid preparation was made from a single colony (Sigma-Aldrich, St. Louis, MO) and analyzed at the Sequencing Core of the University of Pennsylvania. The construct was transformed into BL21 codon + RP Competent Cells (Stratagene, La Jolla, CA) for protein expression. The GST-fusion protein was purified using glutathione-sepharose beads (Amersham Biosciences, Uppsala, Sweden), then sent to Covance Research Products (Denver, PA) to develop polyclonal antisera from two rabbits using incomplete Freund's adjuvant.
Transfections
Communication-incompetent HeLa cells (Elfgang et al., 1995) were obtained from Dr. Klaus Willecke (University of Bonn, Bonn, Germany), and grown in low-glucose Dulbecco's modified Eagle's Medium (DMEM) supplemented by 10% fetal bovine serum (FBS) and antibiotics (100 units/ ml penicillin and 100 μg/ml streptomycin; GIBCO Invitrogen, Carlsbad, CA) in a humidified atmosphere containing 5% CO 2 at 37°C. For transfection, 10 μl of Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and 4 μg of plasmid DNA were incubated separately in Optimem (GIBCO Invitrogen, Carlsbad, CA) for 15 min at RT, then combined for another 20 min. HeLa cells (approximately 80-90% confluent) were washed with Hanks' buffered saline solution (HBSS), incubated with the combined Lipofectamine 2000/DNA solution in Optimem for 5 h at 37°C, then fed with DMEM supplemented with 20% FBS. After 2 days, transfected cells were either processed for immunostaining or immunoblotting (for transient transfection) or fed with 1 μg/ml puromycin-supplemented media (SigmaAldrich, St. Louis, MO). Selection was continued for 2 weeks, with medium changes every 3-4 days, until colonies with stable growth were obtained. Untransfected HeLa cells were also treated with puromycin and did not survive after 2 weeks. Bulk selection was performed after trypsinization of all colonies. Transfected cells were expanded for immunocytochemistry and immunoblotting. Transient transfections were repeated at least three times.
L cells were purchased from ATCC (CRL-2648; Manassas, VA) and grown in DMEM (ATCC, Manassas, VA) supplemented by 10% fetal bovine serum (FBS) and antibiotics (100 units/ml penicillin and 100 μg/ml streptomycin; GIBCO Invitrogen, Carlsbad, CA) in a humidified atmosphere containing 5% CO 2 at 37°C. For electroporation, 5 × 10 6 cells/condition were pelleted and resuspended in 5 μg DNA (WT or mutant Cx47 subcloned into the bicistronic vector pIRES2-egfp (Clontech, Mountain View, CA)) and 100 μl Nucleofector solution (Amaxa, Gaithersburg, MD), then electroporated using a Nucleofector device (Amaxa, Gaithersburg, MD) set to program U-30. Cells were then resuspended in media and plated on sterile coverslips for 48 h before processing for immunofluorescence.
Immunocytochemistry and immunohistochemistry
Cells were trypsinized, plated onto 4-chamber glass slides (Nalge Nunc International, Rochester, NY), and incubated for 1-3 days to approximately 90% confluency. The cells were washed in PBS, fixed in acetone at −20°C for 10 min, and blocked for 1 h at RT with 5% fish skin gelatin in PBS containing 0.1% Triton X-100 (TX100). Primary antibodies -a rabbit antiserum (gift of Dr. David Paul, Harvard University, Boston, MA; diluted 1:1500) raised against the C-terminus of mouse Cx47 (Menichella et al., 2003) , and the two rabbit antisera raised against the C-terminus of human Cx47 described above (diluted 1:2000) -were added to this blocking solution and the samples were incubated overnight at 4°C. Some slides were double-labeled with monoclonal antibodies GRP94 (Abcam Inc., Cambridge, MA; diluted 1:250), 58K protein (Sigma-Aldrich, St. Louis, MO; diluted 1:100), LAMP-2 (RDI division of Fitzgerald Industries Intl., Concord, MA; diluted 1:100) or pan-cadherin (Abcam Inc., Cambridge, MA; diluted 1:200), which are ER, Golgi, lysosomal and cell surface markers, respectively. After washing in PBS, the TRITC-, FITC-and Cy5-conjugated donkey anti-rabbit, anti-mouse and anti-rat antisera (Jackson ImmunoResearch, West Grove, PA; diluted 1:200) were added to the same blocking solution and incubated at RT for 1 h. The slides were washed, counterstained with DAPI, coverslips were mounted with Vectashield (Vector Laboratories Inc., Burlingame, CA), and imaged with a Leica fluorescence microscope with a Leica digital camera DFC 350F connected to a G5 Mac computer, using Openlab 3.1.7 and deconvolution software, or confocal microscopy using a Leica laser scanning microscope.
For inhibitor experiments, confluent bulk-selected HeLa cells were fed with medium containing one of the following inhibitors for 6 h, then processed for immunofluorescence: 6 μg/ml brefeldin A (Sigma-Aldrich, St. Louis, MO), 200 μM chloroquine (Sigma-Aldrich, St. Louis, MO), 10 μM lactacystin (EMD Biosciences, San Diego, CA) or 20 μg/ml cycloheximide (Sigma-Aldrich, St. Louis, MO). Stock aliquots of 5 mg/ml brefeldin A (in ethanol), 1 mM lactacystin (in DMSO) and 2 mg/ml cycloheximide (in ddH 2 O) were stored at −20°C. 10 mM chloroquine (in ddH 2 O) was made before each experiment (VanSlyke et al., 2000) . For in situ Triton X-100 extraction, confluent bulk-selected HeLa cells were plated on 12 mm glass coverslips (Fisher Scientific, Hampton, NH), then washed and incubated in 1% Triton X-100 solution in 1× PBS containing 0.675 mM CaCl 2 and 0.2 mM MgCl 2 for 30 min at 15°C (Musil and Goodenough, 1991; Das Sarma et al., 2001 ). Cells were then processed for immunofluorescence. The inhibitor and Triton X-100 experiments were repeated three times.
Subconfluent L cells on glass coverslips were incubated in 20 μg/ml of tunicamycin (Sigma-Aldrich, St. Louis, MO) diluted in DMSO, or an equivalent volume of DMSO only, for 4 to 6 h. Tunicamycin-treated cells, as well as cells that had been electroporated 48 h earlier, were immunostained for CHOP as previously described (Gow, 2003) . Briefly, cells were fixed in 2% paraformaldehyde diluted in DMEM, washed and permeabilized in 0.1% saponin in 1× PBS for 30 min at RT, then immunostained with a rabbit polyclonal raised against mouse CHOP (diluted 1:2000; gift of Dr. Alexander Gow; Sharma and Gow, in press), and counterstained with DAPI. About 20 epifluorescent images were acquired by an observer blinded to each of 5 conditions (WT Cx47, P87S, Y269D, M283T, and pIRES2-egfp); then these images were randomized. For a positive control, we similarly prepared 48 images from untransfected cells that were treated with tunicamycin or DMSO. For cells treated with tunicamycin or DMSO, an observer blinded to the treatment type determined whether CHOP immunostaining was primarily cytoplasmic, nuclear, or indeterminate, by comparing to the nuclear DAPI counterstain. Cells scored as indeterminate were not included in the analysis. For the transfected cells, a blinded observer determined whether the CHOP-immunoreactivity was nuclear or not in cells that were clearly GFP+ or GFP−. This experiment was performed 3 times, with similar results, but counts were performed on only one such experiment.
Frozen paraformaldehyde-fixed rhesus monkey optic nerve and medulla (gift of Dr. Douglas Rosene; Hinman et al., 2006) was embedded in OCT and processed for immunofluorescence and immunoperoxidase staining as previously described (Kleopa et al., 2004) . Sections immunostained with the above Cx47 antibodies were double-labeled with rabbit antisera raised against aspartoacylase (ASPA; gift of Dr. James Garbern (Madhavarao et al., 2005) ; diluted 1:1000), Cx43 (Chemicon, Intl., Temecula, CA; diluted 1:2000), or monoclonal antibodies against GFAP (gift of Dr. Virginia Lee, University of Pennsylvania, Philadelphia, PA; diluted 1:10) or Cx43 (Chemicon, Intl., Temecula, CA; diluted 1:250).
Immunoblots
Transfected HeLa cells were grown to confluence in 6-well dishes and lysed directly in ice-cold RIPA buffer (10 mM sodium phosphate, pH 7.0, 150 mM sodium chloride, 2 mM EDTA, 50 mM sodium fluoride, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) for 15 min at 4°C. Samples were collected with a cell scraper and centrifuged for 30 min at 4°C at 13,000 rpm. The supernatant was then either stored at −80°C or mixed directly with loading buffer and loaded onto a 12.3% SDS-polyacrylamide/ 0.1% SDS gel, electrophoresed, and transferred to an Immobilon-PVDF membrane (Millipore, Billerica, MA) over 1.5 h using a semidry transfer unit (Fisher Scientific, Hampton, NH). The blots were blocked (5% powdered skim milk and 0.5% Tween-20 in Tris-buffered saline) for 1 h at RT and incubated overnight at 4°C in a rabbit antiserum against mouse or human Cx47 (diluted 1:10,000 or 1:5000, respectively). After washing in blocking solution, the blots were incubated in peroxidase-coupled secondary antibodies against rabbit IgG (Jackson ImmunoResearch, West Grove, PA; diluted 1:10,000) for 1 h at RT. After washing in blocking solution and Tris-buffered saline, blots were visualized by detection of enhanced chemiluminescence (ECL kit, Amersham Biosciences, Uppsala, Sweden) with X-ray film, according to the manufacturer's protocols. , fixed with ice cold 4% paraformaldehyde for 10 min, and incubated in blocking solution for 1 h at RT. Cells were then immunostained as above for Cx47 at RT for 1 h, then incubated in TRITC-conjugated streptavidin or FITC-conjugated extravidin (Jackson ImmunoResearch, West Grove, PA; diluted 1:300 in blocking solution) for 1 h at RT, washed, counterstained with DAPI, mounted with Vectashield, and imaged with a Leica fluorescence microscope as described above.
Scrape loading
Recording from transfected mammalian cell lines WT and mutant Cx47 were subcloned into pIRES-EGFP2 (Clontech, Mountain View, CA) to identify transfected cells with fluorescence microscopy. Neuro2a cells were transiently transfected using Lipofectamine 2000 (GIBCO Invitrogen, Carlsbad, CA) as described above, except that Lipofectamine 2000/DNA complexes were added to antibiotic-free media rather than Optimem. Dual whole-cell voltage clamping and analysis was performed as previously described (Abrams et al., 2003) . Recording solutions: pipette solution, 145 mM CsCl, 5 mM EGTA, 0.5 mM CaCl 2 , 10 mM HEPES pH 7.2; bath solution, 150 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 5 mM dextrose, 2 mM pyruvate, 10 mM HEPES, pH 7.4. Junctional conductances were determined from isolated pairs by measuring instantaneous junctional current responses to junctional voltage pulses from 0 to ±40 or ±100 mV and applying Ohm's law. Cytoplasmic bridges were excluded by demonstrating the sensitivity of the junctional conductances to application of bath solution containing 2 mM octanol. Values are presented as mean ± SEM. Frequencies of coupling were compared in GraphPad Prism (San Diego, CA) using Fisher's exact test with Bonferroni's correction.
